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ABSTRACT

This report describes application of Fiber-Reinforced Polymer (FRP) composite laminates to
strengthen an aging reinforced-concrete T-beam bridge in South Troy, Rensselaer County, New York.
Leakage at the end joints of this single-span structure led to substantial moisture and salt infiltration
in the bridge superstructure.  Presence of efflorescence was observed, and freeze-thaw cracking and
concrete delamination at some locations on the beams were noted.  Concerns about integrity of the
steel reinforcing and overall safety of the bridge were raised.  These concerns were heightened by the
absence of any documents pertaining to the bridge design, such as rebar size, steel type, concrete
strength, and design loads.  Thus, a decision was made to strengthen the bridge using  bonded FRP-
laminates.  Load tests were conducted before and after the laminates were installed to evaluate
effectiveness of the strengthening system, and investigate its influence on structural behavior of the
bridge. Results from these tests and those obtained using classical analysis are compared in the report.
Based on these results, it was concluded that under service loads, the laminate system slightly reduced
main steel rebar stresses and moderately improved transverse live load distribution to the bridge
beams.  Use of an FRP laminate system in this project demonstrated cost-effectiveness of such systems
in strengthening applications, with the benefit of minimal to no interruption to traffic. 
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I.  INTRODUCTION

Transportation agencies are faced with a continuous challenge to keep bridges under their jurisdiction
in a good operating condition despite limited resources.  Bridge structures are deteriorating at an
alarming rate and costs for repair and replacements are continuously rising [1].  Even when resources
are available, extended time is often required for performing needed remedies, causing disruption to
traffic, and inconvenience to the traveling public.  Faced with these challenges, these agencies may
find a solution in application of Fiber-Reinforced Polymer (FRP) composite materials for bridge
rehabilitation.  Although these materials have recently been introduced for civil-engineering
applications, the coming years may see a significant increase in their use because of their desirable
properties and easy installation.   Bridge strengthening using these materials is generally less costly
than replacement and is preferable to posting for lower loads.  Use of FRP materials significantly
shortens downtime for rehabilitation, which reduces inconvenience to the traveling public and
economic loss to areas served [2].  Composite materials are also beneficial in improving bridge rating
either directly through strengthening of deteriorated components or indirectly through replacing
existing concrete decks with much lighter FRP decks [3]. 

A.  LITERATURE REVIEW 

Epoxy resins were occasionally used as early as the 1960s to bond steel plates to the tension zones
of flexural concrete members of buildings and bridges [4].   However, because steel corrosion can
lead to loss of bond and consequent member failure, focus has shifted to alternative materials.  Fiber-
reinforced polymer (FRP) sheets made from glass (GFRP), aramid (AFRP), and carbon (CFRP) fibers
embedded in polymeric resins are now being substituted for steel plates.  Besides their noncorrosive
properties, composite materials also have a higher strength to weight ratio. 

The study by Ritchie et al. [5] on behavior of concrete beams strengthened by bonding FRP- (glass,
carbon, and aramid) plates to the tension zone showed that FRP reinforcement increased beam
stiffness by 17 to 79 percent and beam ultimate-strength by 40 to 97 percent.  O’Conner et al. [6] used
bonded FRP laminates to strengthen a cap-beam and concluded viability of the technique for bridge
rehabilitation and its cost-effectiveness for that type of application.  Mayo et al. [7] applied bonded
FRP-laminates to strengthen and lift load restriction from a simple span, reinforced concrete slab
bridge in Missouri.  Behavior of reinforced-concrete beams strengthened with bonded CFRP-plates
was investigated by Spadea et al. [8]  Their study emphasized the important consideration of end-
anchorage stresses in the design and indicated a possible increase of about 70 percent in load capacity
when external anchorages are used. Saadatmanesh and Ehsani [9] investigated ultimate load capacity
and deflection of reinforced concrete beam specimens retrofitted with GFRP plates. Failure of FRP
laminate-bonded concrete beams was investigated by Meier and Winistorfer [10], who indicated peel-
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off of CFRP laminates due to the development of shear cracks as the failure mode of the laminate
system.  Other reported types of failures include reinforcement yielding, concrete crushing, laminate
rupture, and delamination at the reinforcement surface [4].   Sharif et al. studied strengthening of pre-
loaded reinforced-concrete beams using GFRP plates [11].  Hag-Elsafi et al. discussed application
of FRP materials in retrofitting reinforced-concrete bridge members [2], and Hag-Elsafi and
Alampalli investigated similar applications for prestressed concrete bridge members [12]. 

Anchorage stresses and bond were studied by various researchers, including Mukhopadhyaya and
Swamy [13], Neubaurer and Rostasy [14], Ueda et al. [15], Brosens and Van Gemert [16], and
Rabinovitch and Frostig [17].  Some of these efforts resulted in development of equations to estimate
anchorage length, and all emphasized the importance of proper anchorage and consideration of
laminate bond in design.  Fatigue strength of concrete beams (reinforced and non-reinforced)
strengthened by externally bonded CFRP laminates was studied by Muszynski and Sierakowski [18].
Shear behavior of concrete members strengthened using composite laminates  was studied by Khalifa
et al. [19], Lees et al. [20], Kachlakev et al. [21], and Hutchinson and Rizkalla [22].

B.  PRESENT STUDY

The application discussed in this report is one of several FRP demonstration projects the New York
State Department of Transportation has recently completed.  Bonded FRP laminates were used in this
project to contain cracking, and increase flexural and shear capacities of a reinforced concrete T-beam
bridge structure.  Total cost of the bridge rehabilitation was estimated at $300,000 in contrast to $1.2
million that would have been required for complete structural replacement.  The bridge was
instrumented and load tested twice, before and after installation of the FRP laminate system.  This
report describes these tests and their results, and investigates effectiveness of the strengthening system
and its influence on the bridge structural behavior. 
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II.  BACKGROUND

In this chapter, the bridge structure is described, study objectives are stated, and service load stresses
in the concrete and main steel rebars are estimated for the American Association of State Highway
and Transportation Officials (AASHTO) M18 and MS18 loadings [23].

A.  BRIDGE STRUCTURE

The bridge carries State Route 378 over the Wyantskill Creek in the City of South Troy, Rensselaer
County, New York.  This simple span, reinforced concrete, T-beam structure was built with an
integral deck in 1932.  The bridge is 12.19-m long, about 36.58-m wide, and is supported by a total
of 26 beams spaced at 1.37-m center to center.  A plan view of the bridge and a transverse section
across the deck are shown in Figure 1.  The bridge has been open to traffic without weight-limit
restrictions and has an average daily-traffic volume of approximately 30,000 vehicles.  It has 5 traffic
lanes, and is a vital route linking the City of South Troy with areas west of the Hudson River.  During
routine inspection, excessive moisture and salt infiltration was observed in the bridge superstructure.
Many of the beams had large areas covered with efflorescence, freeze-thaw cracking, and a few beams
showed signs of concrete delamination.  Concerns about section loss of the reinforcing steel to
corrosion and overall safety of the structure was heightened by the absence of any documentation
containing complete information needed for reliable evaluation or load rating of the bridge structure.
The New York State Department of Transportation (NYSDOT) elected to rehabilitate the structure
as opposed to replacement or load posting.  An FRP-laminate strengthening system was selected based
on its application being the least intrusive with traffic and the most practical.  Rehabilitation work,
including erection of a full-size platform underneath the bridge, surface preparation, and installation
of the laminates was conducted between August and November of 1999.

B.  OBJECTIVES

The objectives of this study were to evaluate effectiveness of the FRP strengthening system used in
this project and investigate its influence on the bridge structural behavior, using results from load tests
conducted before and after installation of the system.
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Figure 1.  Bridge plan and transverse section.

C.  ESTIMATING SERVICE LOAD STRESSES

A typical interior-beam is shown in Figure 2.  The main reinforcement is 8, 32 x 32 mm2, steel
rebars. The rebar size was measured when they were exposed to mount strain gages on them during
the testing program.   The number of main rebars and their layout, and details of the web and deck
reinforcement were shown in a shop drawing, which may not represent as built details.  Strength of
the concrete and reinforcing steel were not available during the design and rehabilitation stages.

Table 1. Summary of service load stresses.

Design Load
M18

(H-20)
MS18

(HS-20)
Allowable

Stress (MPa)

Steel-Rebar Stress
(MPa)

85.63 97.15 113.76

Concrete Stress (MPa)   4.21   4.76     8.27

Conservatively assuming steel yield strength Fy to be 206.84 MPa and concrete compressive strength
fc

’ to be 20.68 MPa, and ignoring contribution of compression reinforcing steel, maximum service-load
stresses were estimated for the AASHTO M-18 and MS-18 live loadings and are shown in Table 1
[23].   Calculated main steel-rebar and concrete stresses are also compared to their respective
allowables in Table 1 [23, 24].   Note that nominal steel-rebar areas were used in the analysis,
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ignoring any degradation due to corrosion.   Although estimated service-load stresses were relatively
low based on this analysis, a decision was made to strengthen the bridge for flexure and shear, and
to contain the cracking using FRP laminates.

0.457 m

8, 32x32 mm2

8 ö  13 mm

ö 10 mm

Figure 2. Typical interior-beam section.
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III.  FRP-LAMINATE SYSTEM DESIGN AND INSTALLATION

Design of the strengthening system, and surface preparation and laminate installation are discussed
in the following sections.  Design of the laminates was prepared by a third party under a contract with
the laminates’ manufacturer.  The design was part of the warranty agreement, pertaining to the overall
performance of the system, between the Department and the manufacturer.  Surface preparation and
laminate installation were performed according to procedures recommended by the manufacturer. 

A.  FRP-LAMINATE DESIGN

Flexural and shear design of the system, as designed by the laminate manufacturer, was based on an
assumed 15 percent loss, due to corrosion, of the steel reinforcement area (see Appendix A).
According to this approach, the required area of laminates Al is calculated based on the following
equation:

            (1)A
0.15A F

F1
s y

1
=

where As and Fy are, respectively, area and yield stress of steel-rebars, and Fl is the design stress of
the laminate material.  It is important to note that this method does not account for strain compatibility,
and was used here only for its simplicity.  For more precise analysis, accounting for strain
compatibility is recommended.  A more accurate approach to size the laminates, under the same
premise of compensating for steel rebar area lost to corrosion, would require the laminate area A1 be
based on:

            (2)A
 (d -

 c
2

 )A F

(h -
 c

2
 ) F

1

1
s y

1
1

=
015.

β

β

where d is the beam effective depth, â 1c is the depth of the Whitney equivalent rectangular stress
block, and h is the total beam depth [25].  The webs were strengthened for shear using U-jackets to
contain further propagation of the delamination and freeze-thaw cracking and provide additional
anchorage for the main laminates.  The design of these jackets was also based on a similar percentage-
loss of the shear reinforcing-stirrups.  However, this approach is also not precise, and the method for
estimating laminates contribution to shear strength described in [25] would be more appropriate.  The
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laminate system assumed in the design (Figure 3) was Replark System®, consisting of Replark 30®

unidirectional carbon fibers and three types of Epotherm materials, primer, putty, and resin, all
manufactured exclusively  by Mitsubishi Chemical Corporation of Japan [26].  Properties of the
Replark 30® laminates are summarized in Table 2.  The ultimate strength of 3400 MPa, corresponds
to a guaranteed ultimate strain of 1.5 percent.  Design strength is specified as b the ultimate strength,
and is based on tests of the Replark 30® system applied to a concrete surface (see Appendix A).
Unlike most materials, the stress-strain curve for FRP-laminates generally exhibits elastic (linear)
behavior until failure is reached.  Laminates located at the bottom of the webs and those between
beams, indicated as full span length, are oriented parallel to the beams (see Figure 3).  Those at the
flange soffits, spanning between the beams, are oriented at a right angle to the beams.  The U-jacket
laminates, applied on the bottom and sides of the beams, are oriented parallel to the legs of the U-
jackets.

           Figure 3. Proposed strengthening FRP-laminate system.  

                      Table 2. FRP-laminate material properties.

Property Value

Modulus of Elasticity (El)  (MPa) 2.3x105

Ultimate Strain  (%) 1.5

Maximum Strain  (%) 1.8

Ultimate Strength  (MPa) 3400

Design Strength  (MPa) 2267
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B.  INSTALLATION OF FRP-LAMINATE SYSTEM

Surface preparation and laminate installation were performed according to the procedures
recommended by the laminate manufacturer [26].  Installation was performed by a contractor under
the general directions of a manufacturer’s representative.  A total of 956 m2 of Replark 30® laminates
was estimated for the project, based on the design details in Appendix A.  As recommended by the
manufacturer, application of the system closely followed the procedure outlined in the flowchart of
Appendix B.  This procedure is briefly described next.

Repairing and smoothing a concrete surface is very important for effective development of bond
between a laminate and the concrete surface.  As such, areas of the beams with visible cracking were
first repaired (by removing loose concrete and replacing it with new patching concrete, and filling the
cracks with a cement based grout material) and those with uneven surfaces ground to a smooth finish.
Sharp edges around the beam corners were then rounded, and the bridge underneath was sand-blasted
and pressure washed with water to remove any loose surface materials that could lead to debonding
of the laminates.  After the surface was dry, laminate locations on the beams and flange soffits were
clearly marked.  A 15 mm gap was provided between U-jackets laminates to allow an avenue for
moisture to escape.

A primer was applied followed by a putty at the locations where the FRP laminates were to be
installed (Figure 4A).  The primer is expected to penetrate the concrete surface, increase its strength,
and improve laminate bonding to the surface [26].  After primer application, gaps and pinholes greater
than 1 mm can be seen on the concrete surface.  The putty application smoothed the surface by filling
the gaps and pinholes.

An epoxy resin was applied to the surface, followed by placement of the laminates.  The resin
functions as an adhesive to bond the carbon sheets to the concrete surface.  It impregnates the  fibers
and, upon curing, positively bonds the laminate to the concrete surface. Roller pressure was applied
to impregnate the laminate as per manufacturer’s specifications [26] and heaters were used to control
curing temperatures.  Depending on type of resin and ambient temperature, complete curing and full
load transfer occurs in 5 to 14 days according to the literature provided by the manufacturer.  The
putty, primer, and resin contain 2-part systems consisting of a main agent and hardener.  Properties
of the primer, putty, and resin are given in Section 1.2 of Reference [26].

Finally, the FRP laminates were painted, with TAMMS Duralkote 240 paint, for protection from
ultraviolet light and aesthetic reasons (Figure 4B).  Based on the installation temperatures and resin
system applied, the manufacturer recommended a 7-day minimum cure time. The after load test was
conducted 10 days after the laminate installation was completed.
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Figure 4A. Primer and putty applied at marked locations.

Figure 4B. Installed FRP-laminate system in place
(painted to match concrete color). 
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IV.  INSTRUMENTATION AND LOADING

The main objective of the testing program was to evaluate effectiveness of the strengthening system
and investigate its influence on structural behavior of the bridge.  Two lanes centered directly above
Beam 11 were loaded.     Instrumenting  9 beams was judged to be adequate to reflect transverse live-
load distribution.  These are labeled Beams 7 to 15 in Figure 1.  For flexural evaluation, flexural steel
and laminate strains were acquired at the midspan of these beams to provide information on live-load
distribution.  Three other locations on the center beam were also instrumented: near the support to
investigate the effect of the strengthening system on shear, and at quarter and mid-spans to assess
laminate bond to concrete and laminate stresses.  Locations of the instrumentation used to measure
these strains on the steel rebars, concrete, and laminates are shown in Figures 5, 6, and 7,
respectively.  Based on this plan, steel-reinforcement and laminate stresses, as well as effective flange
width and position of the neutral axis on the center beam can be determined.  Additionally,  concrete
shear stresses at one end of the center beam can also be determined. 

CL
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      Figure 5.  Locations of strain gages mounted on steel rebars.
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A.  INSTRUMENTATION AND DATA ACQUISITION

Two types of conventional strain gages were used for measuring strains.  All the gages were
manufactured by the Measurements Group, Inc.® of Raleigh, North Carolina.  General purpose 350 Ù,
(Type EA-06-250AE-350), self temperature-compensating, constantan foil strain gages, were mounted
directly on the reinforcing steel and FRP laminates.  On concrete, 120 Ù (Type EA-06-20CBW-120),
constantan strain gages with large measuring grids were bonded using an epoxy resin.  In all, 10 strain
gages were mounted on steel rebars and 13 on concrete in the before installation test (shown in
Figures 5 and 6).  An additional 18 gages were bonded to laminates for the after installation test
(shown in Figure 7).   All gages used were made watertight and protected from the environment for
long-term monitoring purposes. System 4000, a general purpose data acquisition system, also
manufactured by the Measurements Group®, was used for data collection.

B.  LOAD-TEST TRUCKS

Four trucks, each of the typical configuration shown in Figure 8, were used in the before and after
installation load tests.  Average weight of each of these trucks was approximately 196 kN.   By
assigning a unique letter, A through D, to each of the four trucks (Figure 9), the testing was sequenced
as follows: Truck A, Trucks A+C, Trucks A+B+C, Trucks A+B+C+D, Trucks B+C+D, Trucks B+D,
Truck D.  Based on prior analysis, the 4.42 m truck position was determined to result in safe stress-
levels, assuming a simply-supported condition (Figure 9).  Since the actual strength of the structure
was not known, 3 truck positions (3.66, 4.11, 4.42 m from each abutment) were marked to gradually
increase applied moment on the bridge.  Strains were continuously monitored during the tests to
determine if it was safe to advance the trucks to the next critical position.  On this basis, a new
sequence was added to the after installation test in which trucks were parked back-to-back at 4.42 m
positions, to maximize load effects on the bridge.  The total moment on the bridge due to this
configuration was about 2.75 times that due to MS-18 loading [24].

4.57 m1.52 m 1.09 m

Figure 8. Load-test truck configuration.
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                               Figure 9. Truck positions for the before and after installation load tests.
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V.  LOAD-TEST AND CALCULATED RESULTS

Recorded data from the before and after load tests were processed, and checked for validity and
consistency.  In this section, results from these tests are presented and compared with those obtained
using a computer program based on the working stress method [23].  The program may be used for
design/analysis of reinforced-concrete rectangular/T-beams strengthened with any combination of top
or bottom steel rebars and FRP laminates.  For completeness, readings for some of the gages which
malfunctioned during the testing were estimated using other readings, when possible, and ignored
otherwise.  

A.  LINEAR BEHAVIOR AND DATA CONSISTENCY

Linear behavior of the bridge structure is investigated, for the before and after installation tests, using
calculated moments and measured midspan strains for Beam 11 (see Figures 10 and 11).  Data for all
truck sequences was used in these figures, including those for Trucks A+B+C+D parked back-to-back
at 4.42-m position in the after installation test.  Relatively small scatter of the recorded data was
observed about the best-fit lines. This not only confirms linear behavior of the structure, but also
proves consistency of recorded data.  From these figures it is also evident that the beam stiffness, as
measured by the slope of the two best fit lines, did not exhibit significant change after installation of
the laminates. 

B.  GENERAL FLEXURAL BEHAVIOR

Before and after installation strains in flexural steel at midspan of Beams 7 to 15 (Figure 5), for the
various truck combinations at 3.66, 4.11, and 4.42-m positions on the bridge are shown in Figure 12.
These results clearly confirm the adequacy of the test plan (limiting instrumentation to 9 beams) and
show Beam 11 to be the most stressed beam, as planned.  

Before and after installation strains for gages mounted on steel-rebars and concrete for all 4 trucks
(Trucks A+B+C+D) at the 4.42-m position on the bridge are shown in Figure 13.  Similar results for
the after installation strains for gages mounted on the laminates are shown in Figure 14.  Comparing
the before and after readings for gages mounted on the steel rebars (Figure 13), it can be concluded
that installation of the FRP laminates slightly reduced rebar stresses.  Relatively higher rebar strains
after installation of the FRP laminates may be attributed to random variations and minor changes in
truck positions during the testing.
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Figure 10.  Moment versus strain at the midspan of Beam 11 for the before installation load test  (each
truck sequence at 3.66, 4.11, and 4.42-m positions on the bridge).
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Figure 11.  Moment versus strain at the midspan of Beam 11 for the after installation load test (each
truck sequence, including back to back, at 3.66, 4.11, and 4.42-m positions on the bridge).

Gage S-11, located 0.914-m from the Albany side abutment at the bottom of Beam 11 (see Figure 13),
consistently measured negative (compressive) strains indicating end fixity of the beam.  This was later
verified through back-calculation of moments based on measured strains, and was attributed to
malfunctioning of the expansion bearings. Malfunctioning of  expansion bearings is known to cause
such fixity, which substantially reduces live-load moments.  For example, Beam 11 moment with all
four trucks positioned at 4.42 m from the abutments was reduced from 209.10  (based on simply
supported conditions) to 75.93 kN-m.  This may be compared to 79.72 kN-m calculated based on
recorded strains.  Comparing the FRP strains in Figure 14 with those recorded on the rebars (Figure
13), it can be concluded that laminate strains for some gages were lower than expected.  Since the
laminates were physically located below the main rebars in the beam section, strain compatibility
would require laminate strains to be higher than rebar strains.
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Figure 12. Maximum recorded strains in steel rebars in the before and after load tests. 
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Figure 13. Recorded strains in the before and after tests for gages mounted on steel rebars and
concrete  (all 4 trucks parked at 4.42-m position).
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Figure 14. Recorded strains in the after test for gages mounted on FRP laminates (all 4 trucks parked
at 4.42-m position on the bridge).
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Figure 15. Recorded strains in the after test for gages mounted on FRP laminates (various truck
combinations parked at 3.66, 4.11, and 4.42-m, and back-to-back at 4.42-m positions on the bridge).
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Measured laminate strains (Figure 15), for the various truck combinations and positions, further
confirm consistency of the data and effectiveness of the laminates in carrying load.  From this figure,
for any given truck position, Gages F-26 and F-28 (mounted on web sides at ¼ span) clearly recorded
strains that are proportional to applied shear.  The negative (compressive) strain readings for these
gages may be attributed to localized effect of truck tire loads, being applied in close proximity to the
gage locations, and beam fixity.  Gages F-27 and F29 (mounted on transverse laminates between
beams) measured flexural strains due to bending of the deck slab between Beams 10 and 11, and 11
and 12, respectively.  Gages F-30 and F-31 (mounted on longitudinal laminates between beams at
flange soffits) recorded flexural strains that are proportional to the moment in Beam 11.

C.  TRANSVERSE LOAD DISTRIBUTION

The data in Figure 12 was used to determine live-load distribution factors for Beam 11.  These factors
are presented in Table 3 for the cases of Trucks A+B+C+D  parked at 3.66, 4.11, and 4.42- m
positions on the bridge.  Comparing the distribution factors from the before and after installation tests,
it can be concluded that live-load distribution improved by about 12 percent after the laminates were
installed.  This was mostly influenced by the laminates installed transversely beneath the deck
between the beams (see Figure 3).  

Table 3. Live-load moments and distribution factors for Beam 11.

Trucks
Position

from
Abutments

(m)

Before Rehabilitation After Rehabilitation

Total Moment
at Midspan 

(kN-m)

Live-Load
Distribution

Factor

Total Moment at
Midspan
(kN-m)

Live-Load
Distribution

Factor

3.66 220.5 0.230 204.7 0.198

4.11 278.3 0.214 259.1 0.199

4.42 321.1 0.236 299.0 0.204

D.  FLEXURAL STRESSES AND COMPARISON WITH CLASSICAL ANALYSIS

Before and after installation rebar stresses at the midspan of Beam 11, for all 4 trucks placed at 3.66,
4.11, and 4.42-m positions on the bridge, are compared with those obtained analytically [23, 27] in
Figure 16.  The results indicate excellent agreement with the analytical results presented in Figure 16.
A comparison between before and after installation stresses obtained from test data (see Figure 17)
clearly shows that installation of the FRP laminates moderately reduced rebar stresses at the midspan
of Beam 11. 



23

               

0 

2 

4 

6 

8 

10 

12 

14 

S
tr

es
s 

(M
P

a)

3.66 m 4.11 m 4.42 m
Truck Positions

Predicted Before Measured Before

0 

2 

4 

6 

8 

10 

12 

14 

S
tr

es
s 

(M
P

a)

3.66 m 4.11 m 4.42 m
Truck Positions

Predicted After Measured After

Figure 16.  Comparison of steel-rebar stresses: Classical analysis versus those based on test results
(all 4 trucks parked at 3.66, 4.11, and 4.42-m positions on the bridge).
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Figure 17. Comparison of steel-rebar stresses: Before versus after installation of laminates (all 4 trucks
parked at 3.66, 4.11, 4.42-m positions on the bridge).

E.  EFFECTIVE FLANGE WIDTH AND NEUTRAL AXIS LOCATION

Using strain data from gages mounted on Beam 11 flange soffit (Gages C-12 and C-13), effective
flange-widths were estimated for all three loading positions (see Table 4). These results show that
effective flange-width increased slightly for the 3.66-m position, and remained unchanged for the other
two positions after the laminates were installed.  Comparing the before and after installation strains
recorded for these strain gages, it is clear that compressive strains in the concrete were higher after
the laminates were installed.   To investigate this further, neutral axis locations in Figure 18 were
determined as shown in Table 5.  These results indicate that, as expected, the neutral axis migrated
downwards by about 33 mm (1.30 in.) after the laminates (mainly influenced by flexural laminates)
were  installed.   A simple strain diagram showing a reduced strain at the bottom of the beam with a
lower neutral axis location explains the increase in concrete strains where Gages C-12 and C-13 were
mounted.
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Table 4.  Effective flange width investigation (Trucks A+B+C+D parked at 3.66, 4.11, and 4.42-m
positions on the bridge).

Truck
Position

(m)

Measured Compressive Strain (µå) Effective Flange Width
(m)Gage C-12 Gage C-13

Before After Before After  Before After

3.66 -4 -6 -9 -11 1.143 1.194

4.11 -6 -7 -11 -13 1.168 1.168

4.42 -7 -8 -12 -14 1.168 1.168

Table 5. Neutral axis investigation (Trucks A+B+C+D parked at 3.66, 4.11, and 4.42-m positions on the
bridge).

Before Installation After Installation

Truck
Positio

n
(m)

Top
Straina

 (µå)

Bottom
Strainb

 (µå)

Neutral
Axis

Locationc

(mm)

Top
Straina

 (µå)

Bottom
Strainb

 (µå)

Neutral
Axis

Locationc

(mm)

Predicted
Laminate

Straind

 (µå)

Measured
Laminate

Straine

 (µå)

3.66 -9 30 163 -11 28 197 32 25

4.11 -11 37 160 -13 34 195 38 30

4.42 -12 40 161 -14 38 190 42 33
a Gage C-13 strains; b Average Gages S-4 and S-5 strains; c Measured below flange soffit; d Calculated based on Top and Bottom strains; e Gage F-33 strains.

          Figure 18. Neutral axis calculations.
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F.  FRP-LAMINATE BOND TO THE CONCRETE

Bond between the FRP laminates and the concrete was also investigated on basis of strain
compatibility.  Good bond is concluded when insignificant difference is observed between laminates
and concrete strains at the same location.   Such a comparison at two locations, above and  below the
neutral axis,  is shown in Table 6 for Trucks C+B+D (for maximum shear at midspan) on the bridge.
 Bottom concrete strains for comparison with Gage F-32 strain were calculated using Gage S-4
readings and an average location of the neutral axis – calculated based on Table 5 data.  From Table
6, better bond can be concluded for the laminates located above (under compression) than those
located below (under tension) the neutral axis.  The weaker bond may be attributed to the level of
precision in strain measurements and/or a lack of full bond development between the laminates and
concrete at the time the testing was conducted.  Another load test is planned to further investigate this
issue.

Table 6. Comparison between concrete and laminate strains at similar locations for bond investigation
(Trucks B+C+D parked at 3.66, 4.11, and 4.42-m positions on the bridge).

Truck
Position

(m)

Strain  (µå)

Gage C-12 Versus Gage F-30 Bottom Concrete Versus Gage F-32

Gage C-12 Gage F-30
Difference

(%)
Bottom

Concrete
Gage F-32

Difference
(%)

3.66 -5 -4 20  20  14 30

4.11 -5 -5 0  24 17 29

4.42 -6 -6 0 27 19  30

G.  SHEAR STRESSES AND COMPARISON WITH CLASSICAL ANALYSIS

Figure 19 shows measured shear stresses for the before and after laminate installation plotted against
applied shear forces.  Shear stresses and forces were calculated using data from strain gage rosettes
and applied truck loads.  Comparing the before and after installation linear fit lines in Figure 19, a
slight increase in concrete shear stress is noted after the laminates were installed.  However, presence
of the U-jacketed laminates is expected to provide confinement of web concrete and shear-resisting
interlock mechanism, hence improving its ultimate shear capacity [19, 20, 21]. Comparison of either
of these lines with the analytical prediction line, which is based on classical analysis, in the figure
indicates good agreement between the experimental and analytical results.   Linear behavior is also
noted under both approaches. A more detailed investigation of shear behavior was not possible
because of the uncertainty of steel stirrup size and placement, and the quality of the cracked web
concrete.
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VI.  CONCLUSIONS

Bonded FRP laminates were used in the application discussed in this report to contain freeze-thaw
cracking and improve flexural and shear strength of a reinforced-concrete T-beam bridge structure.
Load tests were conducted before and after installation of the laminates to evaluate effectiveness of
the strengthening system and investigate its influence on structural behavior of the bridge.  Test results
were analyzed and compared with those obtained using classical analysis. The main conclusions
based on these results are summarized below.

1. Under service live load, after the laminates were installed, main rebar stresses were moderately
reduced, concrete stresses (flexural and shear) moderately increased, and transverse live-load
distribution to the beams slightly improved.   Although the laminates participated in load
carrying, compatibility of strains was not satisfied at some locations, attributed to the level of
precision in strain measurements and/or a lack of full bond development at the time of  the testing.

 
2. Unintended fixity of the beam ends was discovered, which substantially reduced anticipated live

load moments.

3. As expected, after the laminates were installed, the neutral axis migrated downwards, but
effective flange width remained almost unchanged for all truck positions.

The benefits of the FRP-laminate system used in this project may not be fully realized within the
loading range used in the testing program.  However, various studies have concluded significant
increase in ultimate capacities of concrete members strengthened using these laminates. The maximum
load applied during the testing program, about 2.75 MS-18 loading, was not sufficient to induce
nonlinear behavior. 

Using bonded FRP laminates in this project provided an opportunity for NYSDOT to demonstrate their
use and investigate their feasibility as a cost-effective bridge rehabilitation technique.  The project
caused minimal traffic interruptions which should encourage similar applications in highly-populated
metropolitan areas.  Total cost of the rehabilitation is estimated at $300,000, which may be compared
to $1.2 million required for replacement of the structure.
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MATERIAL PROPERTIES AND APPLICATION PROCESS [26]
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